Ca ions were ionophoretically injected through an intracel-
It has been suggested that Ca+ + inflow from an external medium during membrane depolarization is indispensable for the initiation of contraction in the crustacean skeletal muscle (HAGIWARA et al.,1968; ZACHAR,1971; ATWATER et al., 1974; MATSUMURA and HINO,1975) .They have reported that the tension development of the crayfish muscle fiber at a given membrane depolarization is dependent on external Ca+ + concentration in the presence of excess Mg+ + .However, it remains still uncertain whether or not the amount of Ca+ + entering from the external medium is quantitatively sufficient for the contraction.If the entering Ca+ + is not enough to explain the contraction,another mechanism for the release of Ca from the store must be considered. 
RESULTS
1. Size of the contraction sphere When Ca was injected through the intracellular pipette filled with 0.5M CaCl2, local contraction was observed under the microscope,as shown in Fig.1,B .The size and the time course of the contraction were entirely different from those produced by the depolarizing current that passed through the K-citrate electrode. Contraction by the threshold depolarizing current spread over more than 20 sar-comeres from the electrode and decayed rapidly (Fig.1,series A).On the other hand,contraction by Ca injection did not spread so far.As shown in Fig.1 ,series B and Fig.5 ,the contracting sarcomeres were clearly distinguished from the surrounding non-contracting ones by the formation of a contraction sphere.This fact suggests that the injected Ca can be diffused homogeneously into the myoplasmic space. 
Time course of contraction produced by Ca injection
The time course of the length change in the sarcomere close to the injecting pipette was measured in a series of movie photographs as shown in Fig.2 .The contracted sarcomeres shortened to almost 30% of the resting length,stretching the neighbouring resting sarcomeres.The amount of shortening was independent of the strength of Ca-injecting current (Fig.2, b, c, d ).This shortening was maintained during the passing current and even for a while after the current was off, although the contraction induced by depolarization relaxed soon after the end of the depolarizing current( Fig.2,a) .The plateau duration of the contraction by Ca injection was prolonged with an increase in the injecting current for the same current duration (Fig.2 3. Strength-duration relationship of Ca injecting current Figure 3 illustrates the relationship between the strength and duration of the Ca-injecting current necessary for observable contraction.The threshold current was changed by repetition of Ca injection.Therefore,after the current was injected at a site of the muscle fiber,the pipette was once withdrawn and inserted again into the other site more than 100 kt away.The threshold was usually raised after a few hours in a single fiber preparation.For example,in Fig.3 activating the myofilaments, probably by the sarcoplasmic reticulum,mitochondria and organic anions,or it must be pumped out to the external medium. Anyway, at the rheobase, the rate of Ca entry from the pipette should be equal to the rate of Ca removal.The net increase in the amount of free Ca ions by the Ca-injecting current,I,with the duration,T,will be proportional to the electrical quantity,Q, cal threshold potential.Therefore,the injection for such a short pulse was not studied.
Injection of Sr or Ba ions
Sr ions,when injected into the muscle fiber,also produced localized contraction.The value of the threshold current for Sr injection was also variable from one muscle to the other as described for Ca injection.The experiments on fresh muscle Sr injection measured for 10 sec pulse was 6.7•~10-9 A.The curve relating the strength and duration for the Sr-injecting current is drawn,taking Q=3.8•~10-9 coulomb in equation (1) (Fig.4, A Ca-injecting current of 7.5•~10-9A for 0.9 sec caused contraction (Fig.   5,A) and a Sr-current of 26•~10-9 A also caused the same contraction (Fig.5,B ).
If these currents of Ca and Sr were simultaneously applied,the resulting contraction sphere became larger and the plateau was prolonged (Fig.5,C Fibers 21 and 23,Ca was injected in the standard and then procaine solution; Fibers 22 and 24,Ca was injected in the procain and then standard solution. Procaine, at a concentration of 15 mM,increased the threshold current of Ca injection.Since the threshold current changed with time,Ca was injected into the control muscle at first and then into the procaine-treated muscle,and repeated in the opposite way.The results are summarized in Table 1 .It is concluded that procaine raised the threshold current for every pulse-duration by a factor of 1.4.
Threshold current in the depolarized muscle immersed in a K-rich solution
When potassium-rich solution was introduced into the chamber,the muscle contracted strongly but it relaxed completely after about 5 min.After the relaxation,the striation pattern of the fiber was seen as clearly as it was in Harreveld solution.Intracellular injection of Ca into the muscle fiber immersed in 200 mm KCl or 161 mM K2SO4 solution also caused contraction.However,the threshold current for Ca injection was higher than that in Harreveld solution,especially in KCl-treated fibers,as illustrated in Table 2 .It was noticed that the increase in threshold current in the depolarized muscle was more distinct for a longer pulse than for a shorter pulse.
Injection of Sr and Ba also caused contraction in the K-depolarized muscle. For Sr or Ba, however,a larger injecting current was necessary to cause the observable contraction of the sarcomeres in the depolarized muscle than in the undepolarized muscle.
When the muscle fiber,which was soaked either in KCl or in K2SO4 solution, was returned to the Harreveld solution,the fiber became opaque and cloudy.The striation pattern also became indistinct and finally it disappeared.But,Ca injection into these muscle fibers caused also spherical contraction.The threshold current did not return to the value obtained before K treatment but stayed at nearly the same value as it was found in the K-rich solution.
7.
The membrane potential measurement 
DISCUSSION
Intracellularly injected Ca could produce a local contraction in the crayfish muscle fiber.Although slight depolarization was observed with the injecting current,the membrane potential stayed far below the mechanical threshold potential. Both Sr and Ba also caused the contraction when they were intracellularly applied. It is likely that the injected Ca ions diffuse in three dimensions from the tip of the pipette,because spherical contraction is observed.However,a part of the free Ca ions will be removed by mitochondria,organic anions or mainly by the sarcoplasmic reticulum.Assuming that the amount of removal is in proportion to the concentration,the equation for removal is written by dyldt=-ay,where y is the concentration of free Ca ions above the resting level and a is the rate constant of Ca removal.Combining this equation with the general equation of diffusion in three dimensions(cf.JACOBS,1935),we obtain (2) where r is the distance from the tip of the pipette,and D is the diffusion coefficient of Ca ion.Under the steady state condition during the rheobasic current,a y/a t=0. Hence,we obtain 
where C is a constant and ƒÉ-,•ãD/a. 
should be equal to the rate of rheobasic Ca injection,that is, (1970) explained that the release of Ca from the internal store was induced by the increase in myoplasmic-free Ca concentration.The mechanism of Ca-induced Ca release has been further investigated for skeletal and cardiac muscles (FORD and PODOLSKY,1972; FABIATO and FABIATO,1975) . REUBEN et al.(1974) also proposed that the Ca-induced Ca release mechanism was involved in the contraction of the crayfish muscle produced by Ca injection.
The strength-duration relationship for the injecting current of Sr and Ba as well as Ca fitted the similar hyperbolic equation,and the ratios between threshold amounts were Ca:Sr:Ba=1:1.9:3.0.As for the size of contraction,CALDWELL and WALSTER (1963) reported that high concentration of Sr caused a shorter con-traction than did Ba.The quantitative ratios of Sr and Ba to Ca in the rheobase are smaller than the ratios in the sensitivity to the contractile protein in the rabbit skeletal and cardiac muscles obtained by EBASHI et al .(1969) .It is plausible that there are some recepting sites for these cations besides the contractile proteins , such as the sarcoplasmic reticulum.Since the effect of Sr or Ba is additive to the effect of Ca,these cations may act to the Ca stores as a substitute for Ca and assist the Ca-induced Ca release mechanism Caffeine is known to release Ca from the stored site,so that the myoplasmic Ca concentration below threshold would be increased.Procain may act in the opposite way to caffeine.These actions can explain the changes in the rheobase in the present experiments,but it is also possible that the Ca-induced Ca release mechanism would be accelerated by caffeine (ENDO,1975) or inhibited by procaine (FORD and PODOLSKY,1972; THORENS and ENDO,1975) .
The muscle fiber became less sensitive to the injected Ca when it was depolarized in K-rich solution,especially in KCl solution.This higher threshold in KCl solution is explained by the loss of intracellular water (REUBEN et al .,1964 , APRIL et al.,1968 or resulting increase in myoplasmic Mg concentration.The increase in the threshold in K2SO4 solution,where the water movement is not signiThe potassium contracture of the crayfish muscle lasts for a minute which is much longer than that of the frog twitch fiber,so that some of stored Ca must be lost during the contracture in the crayfish muscle.Actually,in the crayfish muscle the tension of caffeine contracture of the depolarized muscle did not attain the tension of undepolarized muscle.As a result of the decrease in the stored Ca,more amount of Ca was required to produce contraction in the depolarized muscle.According to REUBEN et al.(1974) ,the size and tension of contraction sphere by the small amount of Ca were similar in the depolarized and undepolarized muscles.The difference from our result would come from little loss of stored Ca by their shorter soaking-time in K-rich solution.
Supported by grants from the Ministry of Education,Science and Culture,of Japan,and the Naitoh Foundation.
